Introduction {#Sec1}
============

Cats are among the most common companion animals and play an important role in providing emotional support for people. To date, the population of domestic cats kept by humans worldwide is estimated at 80-400 million \[[@CR17]\], and humans are increasingly paying more attention to the health of cats. Viral diarrhea is common in cats, especially in young kittens, and it is also a major threat to their health. It is commonly recognized that feline panleukopenia virus (FPV) is the major virus that causes diarrhea in cats \[[@CR21]\]. Over the past few years, more diarrhea-related viruses, such as feline bocavirus (FBoV) \[[@CR10]\], feline astrovirus (FeAstV) \[[@CR11]\] and feline kobuvirus (FeKoV) \[[@CR4]\], have been described in cats, and new detection techniques have been developed and applied \[[@CR17]\].

FPV, a member of the species *Carnivore protoparvovirus 1*, which belongs to the genus *Protoparvovirus* within the family *Parvoviridae*, is a highly contagious pathogen in domestic and wild cats \[[@CR1]\]. FPV is transmitted by the faecal-oral route and primarily infects young kittens aged 3-6 months \[[@CR15], [@CR21]\], resulting in severe enteric and immunosuppressive diseases characterized by fever, depression, anorexia, vomiting, acute diarrhea, haemorrhagic enteritis and leukopenia \[[@CR16]\]. At present, FPV is widely spread throughout the world, with a high mortality rate of 25% to 90% \[[@CR18]\], and represents a serious threat to the life and health of cats. Furthermore, infections with canine parvovirus 2a, 2b and 2c (CPV-2a, -2b and -2c) have also been described in domestic cats in many countries \[[@CR18]\]. CPV-2 and FPV belong to the same viral species, *Carnivore protoparvovirus 1*, within the family *Parvoviridae* \[[@CR6]\]. FeAstV, species *Mamastrovirus 2*, belongs to the genus *Mamastrovirus* within the family *Astroviridae* and is a non-enveloped, single-stranded positive RNA virus \[[@CR11]\]. FeAstV was first reported in 1981 in faeces from diarrheic cats \[[@CR9]\], and a novel FeAstV genotype was found in 2012 \[[@CR11]\]; however, studies on FeAstV pathogenicity are limited. FBoV was first detected in a stray cat in Hong Kong in 2012 \[[@CR10]\] and has been reported in the USA \[[@CR27]\], Portugal \[[@CR17]\], Japan \[[@CR22]\] and China \[[@CR25]\]. According to the latest report of the International Committee on Taxonomy of Viruses (ICTV), FBoV-1, FBoV-2 and FBoV-3 have been recognized as members of the species *Carnivore bocaparvovirus 3, 4,* and *5*, respectively, within the genus *Bocaparvovirus* \[[@CR5]\], based on the amino acid sequence of the complete NS1 gene \[[@CR25]\]. Epidemiological investigations in different countries have suggested that FeAstV and FBoV may cause diarrhea in cats with a prevalence of 4.8%-23.4% \[[@CR3], [@CR14], [@CR20], [@CR24]\] and 5.5%-25.9% \[[@CR10], [@CR22], [@CR25], [@CR27]\], respectively, and coinfections with FPV, FBoV and FeAstV are also common in cats with diarrhea. Because of the similar clinical symptoms and frequency of coinfections with these three viruses, differentiation of these viruses during clinical diagnosis and epidemiological investigations is difficult.

PCR has become the most widely used method for detection of pathogens due to its high sensitivity and specificity. Routine PCR/RT-PCR methods for detection of FPV, FeAstV and FBoV have been described in previous reports \[[@CR12], [@CR16]\], but **[??]{.ul}**there have been no reports of**[??]{.ul}** the application of routine PCR for the simultaneous detection and differentiation of these three viruses. Multiplex PCR (mPCR) can simultaneously detect and distinguish two or more target viruses in one reaction, can save time and cost, and has been widely used in large-scale epidemiological investigations \[[@CR8], [@CR28]\]. In the present study, a mPCR assay was developed by combining three pairs of universal primers targeting different members of the species *Carnivore protoparvovirus 1*, FBoV and FeAstV in one reaction. This mPCR assay can be used as an easy and effective method for the detection and differentiation of these three viruses in clinical samples.

Materials and methods {#Sec2}
=====================

Viruses {#Sec3}
-------

The following viruses were used as positive virus controls in the present study: FPV strain JL-03/17-05 (GenBank accession number MF541125), FBoV strain 17CC0302 (GenBank accession number MH155947), and FeAstV strain 17CC0502 (GenBank accession number MH253845). Moreover, feline kobuvirus (FeKoV) strain 16CC0802 (GenBank accession number MH159805), feline calicivirus (FCV) strain CH-JL2 (GenBank accession number KJ495725), feline herpesvirus type 1 (FHV-1) strain CH-B, and standard positive DNA controls of feline coronavirus (FCoV), feline leukemia virus (FeLV) and feline immunodeficiency virus (FIV) were used to test the specificity of the mPCR. Different strains identified and maintained in our laboratory, including FPV, CPV 2, CPV 2a, CPV 2b, FBoV 1, FBoV 2, FBoV 3, FeAstV-1 and FeAstV-2, were used to test the ability of the mPCR method to detect a broad spectrum of viruses.

Nucleic acid extraction {#Sec4}
-----------------------

Viral nucleic acids were extracted from positive and negative virus controls using an AxyPrep^TM^ Body Viral DNA/RNA Miniprep Kit (Axygen, China) according to the manufacturer's instructions. Reverse transcription was performed for RNA viruses, including FeAstV, FeKoV and FCV, for cDNA synthesis using a PrimerScript^TM^ RT Reagent Kit (Takara, China) according to the manufacturer's instructions. Nucleic acids extracted from DNA viruses were used directly as a template for PCR. The clinical samples were prepared using a previously described protocol \[[@CR26]\], and nucleic acids were extracted using the above methods.

Primer design {#Sec5}
-------------

The reference genomic sequences of FPV (FPV, CPV-2, CPV-2a, CPV-2b and CPV-2c), FBoV (FBoV 1, FBoV 2 and FBoV 3) and FeAstV (FeAstV-1 and FeAstV-2) were obtained from the GenBank nucleotide sequence database from the National Center for Biotechnology Information (NCBI). Highly conserved regions of the same virus were discovered by multiple alignment using the MEGA 7.0 software. Then, three pairs of specific primers based on the conserved regions of these viruses, the VP2 gene of FPV, the NP1 gene of FBoV, and the RdRp gene of FeAstV, were designed for the mPCR assay. Primer Blast and MFE primer software were used to determine the T~m~ value and specificity of these primer pairs. The nucleotide sequences of the primers are provided in Table [1](#Tab1){ref-type="table"}.Table 1Nucleotide sequences of the primers used for the multiplex PCR assayTarget virusTarget genePrimer nameNucleotide sequence (5'-3')Amplicon size (bp)FPVVP2FPV-FCATACATGGCAAACAAATAGAGCA237FPV-RTGTTTTAAATGGCCCTTGTGTAGAFBoVNP1FBoV-FAGAACCRCCRATCACARTCCACT465FBoV-RTGGCRACCGCYAGCATTTCAFeAstVRdRpFeAstV-FGCGGATTGGGCATGGTTTAGA645FeAstV-RACCCCTCGTTTGGATCGTTACCT

Standard plasmid template preparation {#Sec6}
-------------------------------------

Routine PCR was performed for each virus with the corresponding primers in a 25-μl reaction mixture including 12.5 μl of Premix Ex Taq, 0.5 μl each of the forward and reverse primers (10 μM), 2 μl of the nucleic acid extracted from the targeted virus, and 9.5 μl of RNase-free water. The reactions were performed under the following conditions: initial denaturation at 94 °C for 5 min, followed by 35 cycles of 94 °C for 45 s, 51 °C for 45 s and 72 °C for 30 s and a final extension at 72 °C for 10 min. The different-sized products of the three viruses, 237 bp for FPV, 465 bp for FBoV and 645 bp for FeAstV, were purified using an AxyPrep^TM^ DNA Gel Extraction Kit (Axygen, China) and ligated to the pMD-18T vector (Takara, China) according to the manufacturer's instructions. The recombinant plasmids identified as positive were named pMD-FPV, pMD-FBoV and pMD-FeAstV, respectively, and were used to optimize the reaction conditions and determine the sensitivity of the mPCR assay. The plasmid copy number was calculated according to the following formula: copy number (copies/μl) = \[6.02 × 10^23^ × plasmid concentration (ng/μl)\]/\[plasmid length (bp) × 660\].

Optimization of mPCR {#Sec7}
--------------------

The plasmid DNA of the three viruses was serially tenfold diluted to concentrations of 1 × 10^6^ copies/μl, 1 × 10^5^ copies/μl and 1 × 10^4^ copies/μl. Diluted mixtures containing pMD-FPV, pMD-FBoV and pMD-FeAstV at equal concentrations and volumes were used as templates to optimize the reaction mixture and conditions of the mPCR assay, including the concentrations of the primers, dNTP and Ex Taq enzyme; the annealing temperature; and the number of cycles of PCR. Specifically, mPCR was performed in a total volume of 25 μl of reaction mixture containing 2 μl of each plasmid DNA, 2.5 μl of 10× PCR buffer, 0.25-2 μl of each primer at a concentration of 10 μM, 1-4 μl of the dNTP mix (2.5 mM), 0.3-1 μl of Ex Taq enzyme (5 U/μl) (Takara, China), and RNase-free water to a total volume of 25 μl. The reactions were performed under the following conditions in a thermal cycler: predenaturation at 94 °C for 5 min, followed by 30-40 cycles of 94 °C for 45 s, 50-62 °C for 45 s, and 72 °C for 30 s and a final extension at 72 °C for 10 min. A 5-µl sample of the PCR reaction mixture from each test was subjected to electrophoresis on a 2% agarose gel and visualized using a gel documentation system (Wealtec, USA). The optimal reaction conditions were determined based on the presence or absence of primer dimers and the grey-scale value of the electrophoresis band evaluated using Image J software.

Specificity of the mPCR assay {#Sec8}
-----------------------------

To evaluate the specificity of the mPCR, various combinations of positive virus controls, including a single plasmid DNA, a mixture of two plasmids, and a mixture of three plasmids, were used as templates in the different reactions. The different-sized PCR products were purified and sequenced to confirm the specificity of the mPCR. mPCR was also used to detect other non-targeted viruses, including FeKoV, FCV, FHV-1, FCoV, FIV and FeLV. RNase-free water was used as a negative control.

Sensitivity of the mPCR assay {#Sec9}
-----------------------------

Tenfold serially diluted recombinant plasmids containing sequences from the three viruses, ranging from 4.04 × 10^9^ copies/μl to 4.04 × 10^0^ copies/μl for FPV, 3.13 × 10^9^ copies/μl to 3.13 × 10^0^ copies/μl for FBoV, and 2.25 × 10^9^ copies/μl to 2.25 × 10^0^ copies/μl for FeAstV, were used to determine the sensitivity of the mPCR. The sensitivity of the routine PCR with only one pair of primers was also tested using tenfold serial dilutions.

Ability of the mPCR assay to detect multiple genotypes {#Sec10}
------------------------------------------------------

Different genotypes of the three viruses, including FPV, CPV-2, CPV-2a, CPV-2b, FBoV-1, FBoV-2, FBoV-3, FeAstV-1 and FeAstV-2, were tested using the mPCR assay to determine the breadth of the specificity of this method.

Application of the mPCR assay on clinical samples {#Sec11}
-------------------------------------------------

A total of 197 faecal samples collected from domestic cats in northeast China were used to evaluate the performance of mPCR using clinical samples. These clinical samples had been used to investigate the prevalence of FBoV and FeAstV using conventional single PCR in a previous study performed in our laboratory \[[@CR24], [@CR25]\]. In the present study, these clinical samples were used to detect FPV using routine PCR as reported previously \[[@CR23]\]. The positive rate was calculated for each virus, and the difference in the prevalence of each virus between diarrheic and healthy cats was evaluated by the two-tail chi square test using PASW Statistic 19.0. A probability (*p*) value \<0.05 was considered statistically significant.

Results {#Sec12}
=======

Establishment of the mPCR assay {#Sec13}
-------------------------------

After optimization, the primers for FPV, FBoV and FeAstV produced amplicons of 237 bp, 465 bp and 645 bp, respectively, with clear target bands on an agarose gel. According to the evaluation method described above, the optimization results were in agreement using different concentrations of the DNA plasmid mixture as templates. The optimal annealing temperature was 51 °C, and the optimal cycle number was 40 (Supplementary Fig. 1). The concentrations of the various reagents in the reaction mixture were also optimized in this study (Supplementary Fig. 2), and the final concentrations were as follows: 2 μl of the dNTP mix (2.5 mM), 0.5 μl of Ex Taq DNA polymerase (5 U/μl), and 0.5 μl each of the forward and reverse primers (10 μM) for the three viruses.

mPCR specificity {#Sec14}
----------------

The specificity testing results showed that amplicons of the expected sizes were produced targeting the corresponding virus when different combinations of FPV, FBoV and FeAstV were used as templates in mPCR (Fig. [1](#Fig1){ref-type="fig"}). The identity of these amplicons was confirmed by sequencing. No amplification occurred when FeKoV, FCV, FHV-1, FCoV, FIV, FeLV or RNase-free water were used as template in the mPCR. These results indicate that the newly developed mPCR assay was highly specific for the detection and differentiation of FPV, FBoV and FeAstV.Fig. 1Specificity of multiplex PCR for the detection of positive and negative controls using mixed primers. Lanes 1-13: 1, FPV; 2, FBoV; 3, FeAstV; 4, FPV and FBoV; 5, FPV and FeAstV; 6, FBoV and FeAstV; 7, FeAstV, FBoV and FPV; 8, FCV; 9: FHV-1; 10, FCoV; 11, FeLV; 12, FIV; 13, negative control; M, DL2000 DNA marker

mPCR sensitivity {#Sec15}
----------------

To determine the sensitivity of the mPCR, plasmid DNA containing sequences from the three viruses was serially diluted tenfold and used as a template for mPCR. The minimum detection limit of mPCR was 4.04 × 10^3^, 3.13 × 10^3^ and 2.25 × 10^4^ viral copies for FPV, FBoV and FeAstV, respectively (Fig. [2](#Fig2){ref-type="fig"}d). Moreover, the sensitivity testing results of routine PCR with only one pair of primers showed that the minimum detection limit for FPV, FBoV and FeAstV was 4.04 × 10^2^, 3.13 × 10^2^ and 2.25 × 10^3^ viral copies, respectively (Fig. [2](#Fig2){ref-type="fig"}a-c). Taken together, the sensitivity results show that the sensitivity of the mPCR was slightly higher than that of routine PCR.Fig. 2Sensitivity of multiplex PCR and routine PCR for the detection of tenfold serially diluted plasmid DNA from FPV, FBoV and FeAstV. (a, b, c) Routine PCR for FeAstV, FBoV and FPV; (d) mPCR. Lanes 1-10 (a, b and c), FeAstV-, FBoV- and FPV-positive plasmid concentrations ranging from 2.25 × 10^9^ to 2.25 × 10^0^copies/μl, 3.13 × 10^9^ to 3.13 × 10^0^copies/μl and 4.04 × 10^9^ to 4.04 × 10^0^copies/μl. Lanes 1-10 in (d) are reactions performed with tenfold serial dilutions of mixtures of plasmids containing sequences from the three viruses (2.25 × 10^9^ - 2.25 × 10^0^copies/μl, 3.13 × 10^9^ - 3.13 × 10^0^copies/μl, and 4.04 × 10^9^ - 4.04 × 10^0^copies/μl of each virus/sample). M, DL2000 DNA marker

Ability of the mPCR assay to detect multiple genotypes {#Sec16}
------------------------------------------------------

mPCR was used to detect different genotypes of the three viruses to determine the breadth of the specificity of this method. The results showed that the mPCR was able to detect different genotypes of the target viruses, including FPV, CPV-2, CPV-2a, CPV-2b, FBoV 1, FBoV 2, FBoV 3, FeAstV-1 and FeAstV-2, and amplicons of the expected sizes were obtained (Supplementary Fig. 3).

Evaluation of the mPCR assay using clinical samples {#Sec17}
---------------------------------------------------

A total of 197 faecal samples that had previously been screened for FBoV and FeAstV were tested using the newly developed mPCR assay and routine PCR targeting FPV, and the test results for mPCR were then compared to those of routine PCR. The results presented in Table [2](#Tab2){ref-type="table"} indicate that the total detection rate for these three viruses was 59.89% (118/197), of which 73 samples were positive for FPV, 51 were positive for FBoV, and 46 were positive for FeAstV according to the mPCR assay, which was in 100% agreement with the results of the routine PCR assays. The total detection rate of the three viruses in cats with diarrhea (73.33%, 77/105) was significantly higher than that in healthy cats (44.57%, 41/92). Moreover, the detection results showed that the total positive rate for FPV (37.06%, 73/197) was the highest, followed by FBoV (25.89%, 51/197) and FeAstV (23.35%, 46/197), and that the positive rate for each virus in domestic cats with diarrhea was significantly higher than that in healthy cats (47.62% versus 25% for FPV, 33.33% versus 17.39% for FBoV and 36.19% versus 8.69% for FeAstV) (Fig. [3](#Fig3){ref-type="fig"}a). Coinfections were frequent, with 34.75% (41/118) of cats shedding more than one of the three viruses.Table 2Screening results for the target virus in 197 faecal samples by multiplex PCRHealth statusNumber of samplesNumber of infections with each virus\
(monoinfection + coinfection)MonoinfectionCoinfectionTotalFPVFBoVFeAstVFPVFBoVFeAstVFPV+FBoVFPV+FeAstVFBoV+FeAstVFPV+FBoV+FeAstVDiarrhea10550(47.62%)35(33.33%)38(36.19%)19 (18.10%)17 (16.19%)6 (5.71%)3(2.86%)17(16.19%)4(3.81%)11(10.48%)77(73.33%)Health9223(25.00%)16(17.39%)8(8.70%)20 (21.74%)10 (10.87%)5 (5.43%)3(3.26%)03(3.26%)041(44.57%)Total19773(37.06%)51(25.89%)46(23.35%)39 (19.80%)27 (13.71%)11 (5.58%)6(3.05%)17(8.63%)7(3.55%)11(5.58%)118(59.89%)Fig. 3Prevalence of FPV, FBoV and FeAstV in diarrheic and healthy cats. (a) Total positive rates of these three viruses in diarrheic and healthy cats. The difference was evaluated using the chi-square test. Probability (*p*) values are shown on the bar chart. A *p-*value \<0.05 was considered statistically significant. (b) Monoinfection and coinfection rates of these three viruses in diarrheic and healthy cats

We also analysed the differences in the monoinfection and coinfection rates for each virus between diarrheic and healthy cats (Fig. [3](#Fig3){ref-type="fig"}b). The monoinfection rates for FPV (86.95%, 20/23), FBoV (62.5%, 10/16) and FeAstV (62.5%, 5/8) were higher than the coinfection rates in healthy cats. In contrast, cats with diarrhea had higher coinfection rates, with values of 62% (31/50) for FPV, 51.43% (18/35) for FBoV, and 84.22% (32/38) for FeAstV, respectively. Moreover, the coinfection rates of the three viruses in diarrheic cats were significantly higher than those in healthy cats.

Discussion {#Sec18}
==========

Viral diarrhea is the most common clinical disease in domestic cats and seriously threatens the life and health of cats. FPV is generally considered in the clinical diagnosis of viral diarrhea in cats, while other viruses are often ignored in clinical testing. Recently, some novel enteric viruses, including FBoV, FeAstV and FeKoV \[[@CR13]\], were found in domestic cats, and studies suggest that these viruses are associate with viral diarrhea in cats. Over the last two years, our laboratory has investigated the prevalence of new feline enteric viruses in northeast China and has found that FBoV and FeAstV are widespread in China, with a high prevalence of approximately 25% \[[@CR24], [@CR25]\]. Furthermore, coinfections with FPV, FBoV and FeAstV were also found to be frequent in our investigation. However, there is no scientific detection assay to test for the three viruses. Therefore, a multiplex PCR assay that can simultaneously detect and differentiate FPV, FBoV and FeAstV in one reaction was developed and evaluated in the present study.

The competition between two or more pairs of primers in multiplex PCR may affect its specificity and sensitivity, so primer design and selection are critical for the development of multiplex PCR assays. In this study, three pairs of primers targeting highly conserved regions of the genomic sequences of FPV, FBoV and FeAstV were designed to detect different genotypes of the same virus. The primers' annealing temperature and amplicon length were also evaluated using the online software MFE primer. The primer combination produced amplicons of 237 bp for FPV, 465 bp for FBoV and 645 bp for FeAstV, which were easy to distinguish from one another by electrophoresis using 2.0% agarose gels. Then, a multiple PCR method with this primer combination was established by optimizing the reagent concentration and reaction conditions.

Various common viruses in cats, including FeKoV, FCV, FHV-1, FCoV, FIV and FeLV, were used to evaluate the specificity of the mPCR assay. The testing results showed that no cross-reactions or nonspecific reactions were produced in mPCR with these viruses as templates (Fig. [1](#Fig1){ref-type="fig"}), suggesting that this assay had good specificity. Sensitivity testing showed that the minimum detection limit of mPCR was 4.04 × 10^3^ copies/μl, 3.13 × 10^3^copies/μl and 2.25 × 10^4^ copies/μl for FPV, FBoV and FeAstV, respectively, and this was 10-100-fold lower than that of routine PCR (Fig. [2](#Fig2){ref-type="fig"}). The low sensitivity was caused by the interaction of primers, as described in previous studies \[[@CR7], [@CR26]\]. However, in the detection of clinical samples, the mPCR and routine PCR results were in 100% agreement, suggesting that mPCR was effective.

It has been demonstrated that not only FPV can infect cats but also that the different subtypes of CPV-2 (CPV-2a, CPV-2b and CPV-2c) can infect domestic cats, causing diarrhea \[[@CR2]\]. In addition, in previous studies, FBoV has been classified into three genotypes (FBoV-1, FBoV-2 and FBoV-3) \[[@CR22]\] and FeAstV has been classified into different genotypes \[[@CR24]\]. In the present study, we designed three pairs of universal primers that can detect the different genotypes of the three viruses. The mPCR was able to detect nucleic acids extracted from different genotypes of the target virus (Supplementary Fig. 3), suggesting that this method detects a broad spectrum of variants.

Out of the 197 faecal samples tested, 118 were positive for one or more viruses, with a high positive rate of 59.89%. The total positive rates of FPV, FBoV and FeAstV were 37.06% (73/197), 25.89% (51/197) and 23.35% (46/197), respectively, and the positive rates for all three viruses in cats with diarrhea were higher than those in healthy cats, suggesting that FPV, FBoV and FeAstV are associated with viral diarrhea in cats. Moreover, healthy cats had higher monoinfection rates, while cats with diarrhea had higher coinfection rates. Furthermore, coinfections with two or three viruses were frequent, especially in cats with diarrhea \[[@CR17], [@CR19]\], with a high positive rate of 34.75% (41/118), consistent with a previous report \[[@CR24]\]. The data obtained from the present study confirm that coinfections with various enteric viruses are common in domestic cats.

The lack of identification of other feline diarrhea-associated viruses using the mPCR assay is a limitation of this study. First, in this study, we also tried to develop mPCR for FPV, FBoV, FeAstV, feline coronavirus and feline kobuvirus, but the results were not good. We think that primer competition affects the specificity and sensitivity of mPCR. Second, the epidemiological investigations of feline diarrhea-associated viruses performed in our laboratory suggest that the prevalence of FPV, FBoV and FeAstV is higher in healthy and diarrheic cats and that mixed infections with these three viruses are common in clinical cases. The establishment of this method provides a convenient and advantageous test for epidemiological investigations of these three viruses. However, there are fewer types of viruses involved in epidemiological investigations of feline diarrhea-associated viruses, which is a limitation of this paper. In future studies, we will try to establish an mPCR assay for additional feline diarrhea-associated viruses.

In conclusion, we have developed a multiplex PCR assay that can simultaneously detect and differentiate FPV, FBoV and FeAstV. This multiplex PCR assay is easy, specific, and efficient, and can detect a broad spectrum of different genotypes of these three viruses, thereby providing a good tool for clinical diagnosis or extensive epidemiological investigations of FPV, FBoV and FeAstV.

Electronic supplementary material
=================================

 {#Sec19}

Below is the link to the electronic supplementary material. **Supplementary Fig. 1** Optimization of the annealing temperature (A) and the number of cycles (B) for multiplex PCR for the detection of FPV, FBoV and FeAstV using mixed primers. (a) Lanes 1-10: 1, 50°C; 2, 51°C; 3, 52°C; 4, 53°C; 5, 55°C; 6, 57°C; 7, 59°C; 8, 60°C; 9, 61°C; 10, 62°C; M, DL2000 DNA marker. (b) Lanes 1-5: 1, 30 cycles; 2, blank; 3, 35 cycles; 4, blank; 5, 40 cycles; M, DL2000 DNA marker (TIFF 4563 kb)**Supplementary Fig. 2** Optimization of the reagent concentration for multiplex PCR for the detection of FPV, FBoV and FeAstV using mixed primers. (a) Optimization of the concentration of primers. Lanes 1-6: 1, 0.25 μl; 2, 0.5 μl; 3, 0.75 μl; 4, 1 μl; 5, 1.5 μl; 6, 2 μl; M, DL2000 DNA marker. (b) Optimization of the concentration of the dNTP mixture. Lanes 1-7: 1, 1 μl; 2, 1.5 μl; 3, 2 μl; 4, 2.5 μl; 5, 3 μl; 6, 3.5 μl; 7, 4 μl; M, DL2000 DNA marker. (c) Optimization of the concentration of Ex Taq DNA polymerase. Lanes 1-6: 1, 0.3 μl; 2, 0.4 μl; 3, 0.5 μl; 4, 0.6 μl; 5, 0.8 μl; 6, 1 μl; M, DL2000 DNA marker (TIFF 6527 kb)**Supplementary Fig. 3** Ability of multiplex PCR to detect different genotypes of FPV, FBoV and FeAstV. Lanes 1-10: 1, FPV; 2, CPV-2; 3, CPV-2a; 4, CPV-2b; 5, FBoV-1; 6, FBoV-2; 7, FBoV-3; 8, FeAstV-1; 9, FeAstV-2; 10, Negative control; M, DL2000 DNA marker (TIFF 3397 kb)
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